The goal of this paper is to examine the performance of the conventional and renormalized single- 
Introduction
The key to a successful description of molecular potential energy surfaces involving bond making and breaking is an accurate and balanced treatment of dynamical and non-dynamical electron correlation effects. Balancing dynamical and non-dynamical correlation effects in molecular systems in a proper manner has been one of the main themes of the research conducted by Professor Mark S. Gordon, as reflected, for example, in a large number of truly inspiring computational studies of reaction pathways and mechanisms in various areas of chemistry, carried out over the years by Professor Mark S. Gordon and co-workers. In this paper, we focus on the problem of balancing dynamical and nondynamical correlations in coupled-cluster (CC) theory [1] [2] [3] [4] [5] (cf. Refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] for selected reviews).
Conventional single-reference CC methods, such as, for example, the popular CCSD(T) approach [15] , in which a non-iterative correction due to triply excited clusters (T) is added to the CCSD (CC singles and doubles) [16] [17] [18] energy, and its extensions to quadruply excited clusters (Q) through the CCSD(TQ f ) [19] , CCSD(TQ),b [20] , and similar schemes, provide an excellent description of dynamical correlation effects, which dominate electron correlations in the closed-shell regions of potential energy surfaces, but they completely fail when the bond breaking, biradicals, and other situations characterized by larger non-dynamical correlation effects are studied (see, e.g., Refs. [7, [10] [11] [12] [13] [14] for representative examples). Traditionally, the adequate treatment of ground-and excited-state potential energy surfaces along bond breaking coordinates and other cases of electronic quasi-degeneracies has been the domain of expert multi-reference methods, and a great deal of progress has been achieved in the area of multi-reference calculations, but even the most successful multi-reference approaches are not without limitations. For example, the low-order multireference perturbation theory (MRPT) methods (cf., e.g., Refs. [58, 59] , and references therein), such as the popular second-order CASPT2 approach [60] [61] [62] [63] , may encounter serious difficulties with balancing dynamical and nondynamical correlations in studies of chemical reaction pathways and relative energetics of systems characterized by a varying degree of biradical character [49, 50, 64] , while the more robust multi-reference configuration interaction (MRCI) approaches, including the highly successful internally contracted MRCI approach with quasi-degenerate Davidson corrections (the MRCI(Q) method [65, 66] ), are often prohibitively expensive. One should also keep in mind that all multi-reference theories require that the user specifies several additional parameters that do not enter singlereference calculations, such as active orbitals or multiple reference determinants and, particularly in the case of MRCI, numerical thresholds for neglecting unimportant electron configurations. At present, a universally applicable and accepted methodology for choosing these parameters is absent [67, 68] , and a great deal of expertise and experience is required to perform multi-reference calculations in a proper manner (cf., e.g., Ref. [58] ).
From this point of view, the development of practical single-reference procedures that could be applied to at least some of the most frequent multi-reference situations, such as single and double bond dissociations, biradicals, and excited states dominated by two-electron transitions, and that could provide a balanced description of dynamical and nondynamical correlation effects with a more or less black-box effort would be an important step toward widespread progress. This is not to diminish the role of multi-reference approaches, which clearly have the much desired flexibility needed for the accurate treatment of all kinds of electronic quasi-degeneracies. We are only reflecting on the fact that single-reference methods are computational black-boxes, which are generally much easier to use when compared to multi-reference approaches and which have significantly contributed to the popularity of the computational quantum chemistry techniques. Thus, it is useful to explore the possibility of attempting to solve at least some classes of chemical problems involving larger non-dynamical correlation effects without resorting to multi-reference calculations. This has been the motivation behind the recent development of the non-iterative CC approaches based on the partitioning of the similarity-transformed Hamiltonian pursued by Head-Gordon and co-workers [52] [53] [54] [55] [56] (cf., also, Ref. [69] ), adopted in a slightly modified form by Hirata et al. [38, 70] and commonly labeled as the CCSD(2) approximations, the spin-flip CC methods developed by Krylov and co-workers [71] [72] [73] , the iterative and non-iterative methods [12, 13, 39, 55, 56, [74] [75] [76] based on the extended CC theories of Arponen and Bishop [77] [78] [79] [80] [81] [82] [83] and Piecuch and Bartlett [84] , and the renormalized and other CC approaches based on the method of moments of CC equations [10] [11] [12] [13] [14] 20, 29, 30, 35, 36, [39] [40] [41] [42] 44, 76, [85] [86] [87] [88] , including those that have been incorporated (cf., e.g., Refs. [41, 87, 89] ) in the GAMESS package [90] , maintained and distributed at no cost by Professor Mark S. Gordon and Dr. Michael W. Schmidt. In this work, we focus on the renormalized CC methods for ground electronic states [10] [11] [12] [13] [14] 20, 29, 30, [39] [40] [41] [42] 44] , which represent a new generation of non-iterative single-reference CC approaches that are designed to improve the results of the CCSD(T) and CCSD(TQ) calculations in the bond breaking/biradical regions of molecular potential energy surfaces, while preserving the ease-of-use (black-box character) and the relatively low computer costs of the CCSD(T) and CCSD(TQ) approximations. In addition to the original and well-established CR-CCSD(T) (completely renormalized CCSD(T)) method [10] [11] [12] [13] 20, 29, 30] , in which a simple noniterative correction due to triply excited clusters is added to the CCSD energy, and its CR-CCSD(TQ) (completely renormalized CCSD(TQ)) extensions abbreviated as CR-CCSD(TQ),a and CR-CCSD(TQ),b, and described in Refs. [10] [11] [12] [13] 20, 29, 30] as well, in which corrections due to triply and quadruply excited clusters are added to the CCSDCR-CC(2,3),A variant, in which the diagonal matrix elements of the similarity-transformed Hamiltonian of CCSD involving triply excited determinants, Φ abc i jk |H (CCSD) | Φ abc i jk , which enter the CR-CC(2,3) triples correction, are replaced by the spin-orbital energy differences characterizing triple excitations, ( a + b + c − i − j − k ), where p are the usual spin-orbital energies (see, e.g., Ref. [44] ). It is interesting to examine the full implementation of CR-CC (2, 3) as well as its approximate CR-CC(2,3),A version, since the CR-CC(2,3),A approach is equivalent to the CCSD(2) T method of Ref. [38] , which also aims at eliminating or reducing the failures of CCSD(T) at larger internuclear separations (see Refs. [41, 42, 44] for further details). The complete list of all CC methods used in this work, papers in which these methods were introduced and described, and scalings of the most expensive CPU steps characterizing each CC method employed in this study with the numbers of occupied and unoccupied orbitals in a molecular basis set used in correlated calculations, n o and n u , respectively, are summarized in Table 1 .
It has been demonstrated that the CR-CCSD(T) and CR-CC(2,3) approaches (particularly, CR-CC(2,3)) provide very good results for single bond breaking [10-13,29-31, 33,34,37,40-44,89,91,92] , and reaction pathways involving biradicals and similar cases of electronic quasi-degeneracies [42, [46] [47] [48] [49] [50] [51] 59, 93, 94] , eliminating the failures of the conventional CCSD(T) and CCSD(TQ) methods in those multireference situations. The CR-CCSD(TQ),a and CR-CCSD(TQ),b extensions of CR-CCSD(T) provide further improvements in the results for single bond breaking [11] [12] [13] 29, 31, 33] , while helping to obtain reasonable accuracies in cases of multiple bond stretching or breaking [11] [12] [13] 20, [28] [29] [30] 36, [39] [40] [41] 44, 76] (cf., also, Ref. [57] for the analogous findings for the approximate versions of CR-CCSD(TQ)). However, with an exception of one study of a global potential energy surface of the BeFH system [37] , none of the previous calculations have examined the performance of the CR-CC approaches in large-basis-set calculations for different potential energy surface cuts of a triatomic molecule. This is particularly true for the recently developed [41, 42, 44] CR-CC(2,3) approach. According to the benchmark calculations reported in Refs. [41, 42, 44] and several applications to reaction mechanisms in organic [42, 51] and bioinorganic [49, 50] chemistries, the CR-CC(2,3) approach provides the results which are competitive or at least as good as those obtained with CCSD(T) for closed-shell molecules near the equilibrium geometries, while improving the already reasonable results of the CR-CCSD(T) calculations in the biradical/bond breaking regions. Moreover, the CR-CC(2,3) approach appears to be substantially more accurate than another type of renormalized CC approach, termed LR-CCSD(T) [40, 95] , and the aforementioned CCSD(2) T [38] method [41, 42, 44] . Table 1 The list of CC methods used in this work, papers in which these methods were introduced, and scalings of the most expensive CPU steps characterizing each method with the numbers of occupied (n o ) and unoccupied (n u ) orbitals in a molecular basis set used in correlated calculations
Method
Reference(s) The most expensive CPU steps [16] describes the spin-orbital formulation of CCSD. For the non-orthogonally spin-adapted formulation of CCSD for singlet states, see Ref. [17] . For the orthogonally spin-adapted CCSD theory for singlet states, see Ref. [18] b CCSD(2) T is obtained by neglecting contributions due to connected quadruply excited clusters in the CCSD(2) method of Ref. [70] . It can also be obtained from the full CR-CC(2,3) approach of Refs. [41, 42] by replacing the diagonal matrix elements of the similarity-transformed Hamiltonian of CCSD involving triply excited determinants, Φ abc i jk |H (CCSD) |Φ abc i jk , which enter the CR-CC(2,3) triples correction, by the spin-orbital energy differences characterizing triple excitations, ( a + b + c − i − j − k ), where p are the usual spin-orbital energies [44] c The full CR-CC(2,3) approach, also referred to in Refs. [41, 44] as variant D of the CR-CC(2,3) or CR-CCSD(T) L method d CCSD(TQ),b can be obtained from the factorized CCSD(TQ f ) approach of Ref. [19] by replacing the first-order estimate for the doubly excited T 2 clusters in the correction due to quadruples defining the CCSD(TQ f ) energy by the CCSD value of T 2 e CR-CCSD(TQ),a is equivalent to the CR-CCSD(TQ) approach defined in Refs. [10, 30] . CR-CCSD(TQ),b is obtained from CR-CCSD(TQ),a by replacing the first-order estimate for the doubly excited T 2 clusters in the correction due to quadruples defining the CR-CCSD(TQ),a energy by the CCSD value of
As shown in Refs. [41, 42, 44] , the CR-CC(2,3) theory seems to provide the results of the full CCSDT (CC singles, doubles, and triples) [96, 97] quality when bond breaking is examined. It is, therefore, very interesting to investigate how the CR-CC(2,3) approach performs when a few different potential energy surface cuts of a triatomic molecule are examined. As explained in Refs. [41, 42] , the CR-CC(2,3) approach can be extended to quadruple excitations through the CR-CC(2,4) theory, but the CR-CC(2,4) method has not been implemented yet and we may have to investigate formal issues such as the coupling of triples and quadruples in the definition of the CR-CC(2,4) energy corrections, ignored in the original papers on the CR-CC(m A ,m B ) methods [41, 42] . On the other hand, a highly accurate description of potential energy surfaces that might help various spectroscopic and dynamical studies may require the inclusion of quadruples, in addition to triples that are already well described by the CR-CC(2,3) theory. Thus, in this paper we examine the effect of quadruples on the CR-CC(2,3) results by adding the a posteriori corrections due to quadruply excited clusters extracted, as explained above, from the CR-CCSD(TQ),a or CR-CCSD(TQ),b calculations, to the CR-CC(2,3) energies.
The [98] [99] [100] [101] , are compared with the results of the large-scale MRCI(Q) calculations, also carried out in this work, and the spectroscopically accurate global potential energy surface of water resulting from the use of the energy switching (ES) approach [102] .
We chose the water molecule as our benchmark system for a number of reasons. Clearly, water is among the most important molecules and a prototype system for a variety of spectroscopic and reaction dynamics studies. There are many applications involving water molecule in which the knowledge of a reliable potential energy surface is required. Selected examples of such applications include the spectrum of the water vapor, which is important for the understanding of the absorption and retention of sunlight in Earth's atmosphere and physics of other planets and stars [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] , and combustion studies involving hot steam. For example, the
reaction, which takes place on the ground-state potential energy surface of water, is known to play a significant role in combustion and atmospheric chemistry [113, 114] . Two of the dissociation pathways examined in this work, namely, the dissociation of a single O-H bond and the C 2v dissociation path of the water molecule into H 2 (X 1 Σ + g ) and O(2 p 4 1 D) are directly related to this important reaction. The water molecule has received considerable attention in recent years due to several attempts to produce the spectroscopically and dynamically accurate global potential energy surface using ab initio and other theoretical means [102, 109, [115] [116] [117] [118] [119] . One such attempt has resulted in the ES potential function used in this work [102] . By comparing various CR-CC and MRCI(Q) data with the energies provided by the ES potential function, we may suggest ways of improving the ES and similar potentials in intermediate-energy regions where no precise or well understood spectroscopic or ab initio data are available. Thus, in addition to testing CR-CC methods, we may contribute to the ongoing effort to produce the high accuracy water surface which could be used in a variety of spectroscopic and dynamical applications.
Computational details
In order to illustrate the performance of the renormalized CC methods discussed in the Introduction and listed in Table 1 , we performed the CR-CCSD(T), CR-CCSD(TQ),a, CR-CCSD(TQ),b, CR-CC(2,3),A (= CCSD(2) T ), CR-CC(2,3), CR-CC(2,3)+Q(a), and CR-CC(2,3)+Q(b) calculations for the three cuts of the global potential energy surface of the water molecule. Those cuts are: (i) the dissociation of a single O-H bond, which correlates with the H(1s 2 S) + OH(X 2 Π) asymptote, (ii) the simultaneous dissociation of both O-H bonds, which correlates with the 2H(1s 2 S) + O(2 p 4 3 P) channel, and (iii) the C 2v dissociation pathway of the water molecule into H 2 (X 1 Σ + g ) and O (2 p 4 1 D) . In the case of cut (i), one of the two O-H bonds and the H-O-H angle were kept fixed at their respective equilibrium values taken from Ref. [109] (R e = 0.95785 Å and α e = 104.501 degree, respectively). In the case of the C 2v -symmetric cut (ii), the H-O-H angle α was kept fixed at its equilibrium value taken from Ref. [109] (α e = 104.501 degree). In the case of another C 2v -symmetric cut, namely cut (iii), we followed the approximate energy path toward the dissociation of the water molecule into H 2 (X 1 Σ + g ) and O(2 p 4 1 D), determined using the potential function of Ref. [102] and defined by the coordinate Y , which is the distance between the O nucleus and the line connecting the H nuclei, and the properly optimized H-O-H angle α [113, 114] . The equilibrium values of Y and α are Y e = 0.58641 Å and α e = 104.501 degree. The results of various CR-CC calculations are compared with those obtained with the conventional CCSD, CCSD(T), and CCSD(TQ),b methods, which are very well suited for the equilibrium region but are expected to face considerable difficulties when water starts to dissociate into open-shell fragments, and with the results obtained with the MRCI(Q) approach, which is capable of providing an accurate global potential energy surface, including all three dissociation channels listed above.
We also compare the results of various CR-CC and MRCI(Q) calculations with the highly accurate global potential energy surface of water resulting from the use of the ES approach of Varandas [102] . The ES surface of Ref. [102] was obtained by combining and further refining the manybody expansion [120] potential of Murrell and Carter [115] and the polynomial potential form of Polyansky, Jensen, and Tennyson [116] . The ES surface has a spectroscopic or nearly spectroscopic (∼1-10 cm −1 ) accuracy up to about 19,000 cm −1 above the global minimum and remains quite accurate at higher energies. With the proper treatment of long-range forces and other suitable refinements, the ES potential of Ref. [102] has an overall double many-body expansion [121] [122] [123] [124] quality, making it very useful to study reaction dynamics involving water. In particular, the ES potential of Ref. [102] used in this work, and its multi-sheeted extensions [118, 119] , have been exploited in a number of dynamical calculations, including, for example, the successful rate constant and cross-section calculations for the O(2 [113, 114] . As mentioned in the Introduction, the
reaction, which takes place on the ground-state potential energy surface of water, is known to play a significant role in combustion and atmospheric chemistry. Two of the above cuts (cut (i) and (iii)) are directly related to this process. In addition to testing the CR-CC (also, MRCI(Q)) methods, by comparing the best CR-CC and MRCI(Q) data with the energies provided by the ES potential function, we suggest ways of improving the ES potential, particularly in intermediate and selected higher-energy regions where precise or well understood spectroscopic data are not always available and where, as shown in this work, the best CR-CC and MRCI(Q) calculations almost perfectly agree with each other.
All CC and CR-CC calculations were performed using the spin-and symmetry-adapted restricted Hartree-Fock (RHF) determinant as a reference. The MRCI(Q) calculations were performed using the usual multi-determinantal reference obtained in the single-root complete-active-space selfconsistent-field (CASSCF) calculations. The active space used in the CASSCF and subsequent MRCI(Q) calculations consisted of six valence orbitals that correlate with the 1s shells of the hydrogen atoms and the 2s and 2 p shells of the oxygen atom. In analogy to active orbitals, the lowest-energy molecular orbital (∼1s orbital of oxygen) was optimized in CASSCF calculations, but unlike active orbitals that change occupancies it remained doubly occupied in all reference determinants defining the CASSCF and MRCI(Q) wave functions. Since our ab initio results are compared with the spectroscopically accurate ES surface of Ref. [102] and since it is well known that core electrons can significantly affect energy differences between different points on the potential energy surface, including the water potential [109, 117, 125] , all electrons were correlated in the CC, CR-CC, and CASSCF-based MRCI(Q) calculations. This distinguishes our calculations from Refs. [109, 125] , in which the effects of core electrons were added as the a posteriori corrections to the results of valence-electron calculations.
The calculations were performed with the aug-cc-pCVX Z basis sets with X = D, T, Q [98] [99] [100] [101] , in which additional tight functions are added to the valence basis sets of the aug-cc-pVX Z quality to improve the description of core and core-valence correlation effects. The CCSD, CCSD(T), CCSD(TQ),b, CR-CCSD(T), CR-CCSD(TQ),a, CR-CCSD(TQ),b, CR-CC(2,3),A, CR-CC(2,3), CR-CC(2,3)+ Q(a), and CR-CC(2,3)+Q(b) calculations were performed with the system of CC/CR-CC computer codes described in Refs. [20, 30, 41, 89] and incorporated in the GAMESS package [90] . The MRCI(Q) calculations were performed with the MOLPRO package [126] . In addition to the series of MRCI(Q) calculations using the aug-cc-pCVX Z basis sets with X = D, T, Q, we performed the high accuracy MRCI(Q) calculations using the aug-cc-pCV5Z basis, to determine if the aug-cc-pCVQZ results are reasonably well converged. We could not perform such calculations using the CC and CR-CC methods, since the atomic integral package used by GAMESS is restricted to g functions and the aug-cc-pCV5Z basis contains h functions which we did not want to drop in an ad hoc manner. Fortunately, we do not observe substantial changes in the results, when going from the aug-cc-pCVQZ to aug-cc-pCV5Z basis sets, which could alter our main conclusions. In order to facilitate our presentation, we refer to the aug-cc-pCVX Z basis set by mentioning the value of it's cardinal number X (X = 2 for aug-cc-pCVDZ, X = 3 for aug-cc-pCVTZ, X = 4 for augcc-pCVQZ, and X = 5 for aug-cc-pCV5Z). For example, we write "the X = 3 basis set" instead of "the aug-cc-pCVTZ basis set." Instead of writing "the CR-CC(2,3) calculations with the aug-cc-pCVTZ basis set," we simply write "the CR-CC(2,3)/X = 3 calculations."
3 Numerical results and discussion: probing potential energy surface of the water molecule with the conventional and renormalized coupled-cluster methods
The results of our calculations are summarized in Tables 2 to  9 . Table 2 serves as a reference for the remaining tables, Table 2 The ES and MRCI(Q) energies for the three potential energy surface cuts of water examined in this study: (i) the dissociation of a single O-H bond, (ii) the C 2v -symmetric dissociation of both O-H bonds, and (iii) the 
is the distance between O and the line connecting both H nuclei, and α (in degree) is the H-O-H angle. The equilibrium values of R, Y , and α are R e = 0.95785 Å, Y e = 0.58641 Å, and α e = 104.501 degree [109] . All energies E (in cm −1 ) are reported as E − E(R e , α e ), where E(R e , α e ) are the corresponding values of E at the equilibrium geometry. X is a cardinal number defining the aug-cc-pCVX Z basis sets used in the MRCI(Q) calculations. In all MRCI(Q) calculations, all electrons were correlated providing the MRCI(Q) and ES energies along the three dissociation pathways considered in our calculations. As one can see, the three potential energy surface cuts probe different energy regions. The single O-H bond dissociation is characterized by the lowest energies (always reported in this work relative to the corresponding energies at the equilibrium geometry of Ref. [109] , so that all energies are 0 at the equilibrium geometry), which do not exceed 44,000 cm −1 . The C 2v -symmetric dissociation pathway that leads to the
) and O(2 p 4 1 D) products goes to higher energies, on the order of 59,000 cm −1 , and the highest energies, on the order of 81,000 cm −1 , are reached, when the simultaneous dissociation of both O-H bonds is examined. The results in Table 2 show that the large scale MRCI(Q) calculations with the X = 5 basis set agree with the ES potential, to within ∼10-200 cm −1 , in the R e ≤ R ≤ 2R e and R ≥ 4R e regions of cut (i), R e ≤ R < 1.5R e and R ≥ 2.5R e regions of cut (ii), and Y e ≤ Y ≤ 1.0 Å and Y ≥ 1.75 Å Table 3 The dissociation of a single O-H bond in water (into H(1s 2 
of cut (iii) (R is the O-H separation for the dissociating O-H bond or bonds; the meaning of Y has been explained in Sect. 2). The MRCI(Q)/X = 4 results are not much different, producing the results that in most cases do not differ from the MRCI(Q)/X = 5 results by more than 100-200 cm −1 in the higher energy regions. Thus, with an exception of the region of intermediate R and Y values (2R e < R < 4R e for cut (i), 1.5R e ≤ R < 2.5R e for cut (ii), and 1.0 Å < Y < 1.75 Å for cut (iii), the MRCI(Q)/X = 4 or MRCI(Q)/X = 5 and ES potential functions agree very well. Clearly, they cannot perfectly agree, since MRCI(Q) is not the exact theory. Moreover, our MRCI(Q) calculations are the standard non-relativistic calculations, ignoring relativistic, non-adiabatic, and quantum electrodynamical effects which all contribute to the water potential energy surface [109] . Besides, the minimum energy path defining cut (iii) determined from the ES function is certainly not identical to the similar path that would result from the MRCI(Q) calculations and there may be other small differences in the details of the MRCI(Q)/X = 4 or MRCI(Q)/X = 5 and ES potentials. On the other hand, the differences between the MRCI(Q)/X = 4 or MRCI(Q)/X = 5 and ES potential energy surfaces in the aforementioned regions of intermediate R and Y values, and intermediate or higher, but not the highest energies, which are as much as 700-800 cm −1 for cut (i) in the R ≈ 2.5R e region, 600-800 cm −1 for cut (ii) in the R ≈ 1.75R e region, and 3,500-3,600 cm −1 for cut (iii) in the Y ≈ 1.3 Å region, cannot be explained by the mere neglect of the relativistic, non-adiabatic, and quantum electrodynamical effects. They indicate that either the MRCI(Q) approach is insufficiently accurate or the ES potential needs further refinement. The former is always possible, but the latter explanation would not be a complete surprise either, since we must remember that the ES potential function is constructed by combining the many-body expansion potential of Murrell and Carter [115] and the polynomial potential form of Polyansky, Jensen, and Tennyson [116] . This makes the ES potential very accurate around the minimum, up to about 19,000 cm −1 , and in the asymptotic regions, including the H(
asymptotes examined in this study, but the accuracy of the ES potential function in the regions of intermediate internuclear separations and energies which connect the spectroscopic and asymptotic regions of the water potential energy Table 4 The C 2v -symmetric double dissociation of water (into 2H(1s 2 The main CC and CR-CC results for the three potential energy surface cuts examined in this work (the CC and CR-CC energies calculated relative to the corresponding energies at the minimum taken from Ref. [109] ) are given in Tables 3, 4 , 5. In order to facilitate our analysis, we give in Tables 6, 7 , 8 the differences between the CC/CR-CC and the corresponding MRCI(Q) energies for each of the three augcc-pCVX Z basis sets used in the CC/CR-CC calculations. In Table 9 , we compare the errors in the best CR-CC(2,3)+Q(b)/ X = 4 results, relative to the MRCI(Q)/X = 4 data, with the differences between the CR-CC(2,3)+Q(b)/X = 4 and ES energies and the analogous differences between the MRCI(Q)/X = 4, 5 and ES energies.
A close inspection of Tables 3 to 8, particularly Tables 6  to 8 , allows us to appreciate the nature of the challenges the single-reference CC methods face when describing global potential energy surfaces along bond breaking coordinates.
It also allows us to reemphasize the usefulness of the three dissociation pathways that we chose in this study to test the CC and CR-CC methods, which create different types of bond breaking or bond stretching situations. Indeed, the relatively large differences between the CCSD and MRCI(Q) energies, which exceed ∼300-700 cm −1 for small stretches of the O-H bond(s) (R ≈ 1.25R e − 1.5R e in the case of cut (i), R ≈ 1.25R e in the case of cut (ii), and Y ≈ 0.8 − 0.9 Å in the case of cut (iii)), and huge differences between the CCSD and MRCI(Q) energies, on the order of 4,000-7,000 cm −1 , in the R ≥ 3R e region of cut (i) and R ≈ 2R e − 3R e region of cut (ii), and more than 1,000 cm −1 for larger Y values in the case of cut (iii), clearly show that one needs to include higher-than-doubly excited clusters in the CC calculations to obtain reasonable results. Not surprisingly, the CCSD approach is qualitatively correct in the case of cut (i), which corresponds to single-bond breaking (which is, in the zero-order approximation, a two-electron process), producing errors relative to MRCI(Q) which monotonically increase with R, while being completely erratic in the case of the double O-H dissociation defining cut (ii), producing a large hump in the region of intermediate R values. The CCSD Table 5 The C 2v dissociation of water into H 2 The approximate minimum energy path, determined using the potential function of Ref. [102] , is defined by the coordinate Y (in Å), which is the distance between O and the line connecting both H nuclei, and the H-O-H angle α (in degree). The equilibrium values of Y and α are Y e = 0.58641 Å and α e = 104.501 degree [109] . All energies E (in cm −1 ) are reported as E − E(Y e , α e ), where E(Y e , α e ) are the corresponding values of E at the equilibrium geometry. X is a cardinal number defining the aug-cc-pCVX Z basis sets used in the calculations. In all CC calculations, all electrons were correlated a Equivalent to the CCSD(2) T approach of Ref. [38] 
approach is also erratic in the case of cut (iii), in which two O-H bonds have to be significantly stretched during the formation of the H 2 (X 1 Σ + g ) and O(2 p 4 1 D) products, although the errors relative to MRCI(Q) are not as large in this case as in the other two cuts. One of the reasons is that unlike cuts (i) and (ii), which lead to the fragmentations of the closed-shell water molecule on the singlet ground-state surface into open-shell (doublet or even triplet) products, which introduce very large non-dynamic correlation effects, the minimum energy path that defines cut (iii) leads to the formation of the closed-shell (H 2 (X 1 Σ + g )) or singlet (O (2 p 4 1 D) ) fragments while the O-H bonds are broken. Moreover, the hydrogen product molecule is a two-electron system, which is described exactly by the CCSD approach. These differences between cuts (i) and (ii), on the one hand, and cut (iii), on the other hand, can be seen by examining the largest doubly excited (T 2 ) cluster amplitudes. The largest spin-free T 2 amplitude, which corresponds to the HOMO → LUMO double excitation at R = 5R e of cut (i) equals, according to the CCSD/X = 4 calculations, −0.858278 (this is a singlebond breaking case, so other T 2 amplitudes are much smaller). The two largest T 2 amplitudes, which correspond to the HOMO → LUMO and (HOMO − 1) → (LUMO + 1) double excitations at R = 5R e of cut (ii) equal, according to the CCSD/X = 4 calculations, −0.774880 and −0.774382, respectively (clearly, there are a few other large T 2 amplitudes in this case, which engage the highest two occupied and lowest two unoccupied orbitals, since this is a double dissociation of water into 2H(1s 2 S) + O(2 p 4 3 P) that involves, in the zero-order description, four active orbitals and four electrons). For comparison, the largest T 2 amplitudes along the minimum energy path defining cut (iii) never exceed Table 3 ) and the corresponding MRCI(Q) relative energies (the MRCI X is a cardinal number defining the aug-cc-pCVX Z basis sets used in the calculations a Equivalent to the CCSD(2) T approach of Ref. ≈ 0.2 and are usually considerably smaller. This explains the observed differences in the performance of the CCSD and various CCSD-based non-iterative CC methods in the calculations for cut (iii), where the overall behavior of the single-reference CC methods, although not perfect, remains quite reasonable, and the other two cuts examined in this work, where the standard CC approximations, including CCSD, CCSD(T), and CCSD(TQ),b, display dramatic failures. The above discussion confirms the known fact that one has to go beyond the basic CCSD approximation and account for higher-than-doubly excited clusters to obtain a quantitatively accurate description of the potential energy surface, even in the vicinity of the equilibrium geometry. This is often done with the CCSD(T) approach, which describes the leading effects due to triply excited clusters via non-iterative corrections to the CCSD energy. As shown in our tables, the CCSD(T) approach provides excellent results that almost perfectly agree with the results of MRCI(Q) calculations, when stretches of the O-H bonds are small. For example, in the case of cut (i), the differences between the CCSD(T)/X = 4 and MRCI(Q)/X = 4 energies do not exceed 6 cm −1 up to R = 2R e and for cut (ii) they remain smaller than 38 cm −1 up to R = 1.5R e . This is impressive, if we realize that the R ≈ 2R e and R ≈ 1.5R e regions of cuts (i) and (ii), respectively, are characterized by the energies of ≈ 36, 000 cm −1 . A similarly impressive performance of CCSD(T) is observed for other aug-cc-pCVX Z basis sets, although we should note a rather substantial error increase, relative to MRCI(Q), when the X = 2 basis sets is employed (particularly for cuts (i) and (ii); cf. Tables 6 and 7) . Interestingly enough, in the case of cut (ii), the CCSD(T) results remain reasonable up to ∼67,000 cm −1 or R ≈ 2R e (unsigned errors relative to MRCI(Q) on the order of 200-300 cm −1 ). One has to be very careful, however, in interpreting these high accuracies obtained with CCSD(T) for small and, in the case of cut (ii), intermediate stretches of the O-H bonds, particularly that CCSD(T) eventually suffers significant breakdowns and it may not always be easy to predict when one should stop trusting the CCSD(T) approach. Indeed, if we correct the CCSD(T) results for the dominant effects due to quadruply excited clusters, as is done by the CCSD(TQ),b approach, which can only improve the quality of CC calculations in non-degenerate regions of the potential energy surface, the agreement between the CC Table 7 The differences between CC/CR-CC energies, calculated relative to their equilibrium values (the CC/CR-CC [E − E(R e , α e )] values in Table 4 ) and the corresponding MRCI(Q) relative energies (the Table 2 ) for the C 2v -symmetric double dissociation of water (into 2H(1s 2 X is a cardinal number defining the aug-cc-pCVX Z basis sets used in the calculations a Equivalent to the CCSD(2) T approach of Ref. can be safely applied, creating a false impression about superb accuracy of the CCSD(T) approximation. Clearly, both interpretations are possible. For example, the CCSD(T) approach is known to provide the results which are often better than those obtained with the full CCSDT method, which makes no physical sense whatsoever. We believe that in the case of water the CCSD(TQ),b approach is more accurate than MRCI(Q) in the spectroscopic region and moderate stretches of the O-H bond(s), although both methods provide high quality results. Our belief is based on the fact that the CCSD(TQ),b method includes higher-order dynamical correlation effects, which dominate in the spectroscopic region and which are not present in MRCI(Q). The overall superiority of CCSD(TQ),b over MRCI(Q) for moderate stretches of the O-H bond(s) can be seen by comparing the differences between the CCSD(TQ),b/X = 4 and ES energies in the R ≤ 2R e regions of cuts (i) and (ii) with the corresponding differences between the MRCI(Q)/X = 4 and ES energies. This illustrates the well-known advantage of using the CC methods over MRCI techniques, which are not as effective in accounting for the dynamical correlation effects that dominate electron correlations near the equilibrium geometry as the high-level CC approaches. Interestingly enough, further increase of the basis set makes the agreement between the MRCI(Q) and ES surfaces in the region of smaller stretches of the O-H bond(s), where the ES potential function is nearly spectroscopic, even worse (cf. the MRCI(Q)/X = 4 and MRCI(Q)/X = 5 results in Table 9 ). The superiority of the CCSD(TQ),b and related CCSD(TQ f ) methods, Table 2 ) for the C 2v dissociation of water into H 2 (X 1 Σ + g ) and O (2 p 4 1 D) along the approximate minimum energy path determined using the potential function of Ref. [102] (cut (iii)) X is a cardinal number defining the aug-cc-pCVX Z basis sets used in the calculations a Equivalent to the CCSD(2) T approach of Ref. [38] 
MRCI(Q) [E − E(R e , α e )] values in
which account for triply and quadruply excited clusters, over CCSD(T), which ignores the latter clusters, in applications involving potential energy surfaces near the equilibrium geometry is well-documented as well (cf., e.g., Refs. [11-13, 19,20,30,32,57,127-129] ) and our calculations confirm this superiority, in spite of the tiny (and misleading) differences between the CCSD(T) and MRCI(Q) energies for cuts (i) and (ii). Before discussing the failures of the CCSD(T) and CCSD(TQ),b methods at larger O-H separations of cuts (i) and (ii) and improvements offered by the CR-CC methods, which are quite apparent when we examine the results shown in Tables 3 to 8 , let us point out that in the case of cut (iii), the behavior of the CCSD(T) and CCSD(TQ),b methods vs. the MRCI(Q) approach is somewhat different, when compared to the other two cuts explored in this work. As already pointed out above, the doubly excited (also, singly excited) cluster amplitudes along the minimum energy path defining cut (iii) never become large and the corresponding H 2 (2 p 4 1 D) ) type. Thus, it is not completely surprising to observe the relatively good performance of the standard single-reference CCSD(T) and CCSD(TQ),b approaches in the entire region of Y values shown in our tables (with the exception, perhaps, of the last two points, Y = 2.0 and 4.0 Å, although we must remember that these points are located at more than 58,000 cm −1 above the global minimum, which makes the ∼500-1,900 cm −1 errors relatively small, particularly for the relatively inexpensive single-reference calculations using the RHF reference; cf. the discussion below for the additional remarks). In particular, the differences between the CCSD(T) and MRCI(Q) energies do not exceed 250 cm −1 in the entire Y e ≤ Y ≤ 1.75 Å region, in which energies become as large as Table 9 The differences between the CR-CC(2,3)+Q(b) and MRCI(Q) energies obtained with the aug-cc-pCVQZ (X = 4) basis, the differences between the CR-CC(2,3)+Q(b)/aug-cc-pCVQZ and ES energies, and the differences between the MRCI(Q)/aug-cc-pCVX Z (X = 4, 5) and ES energies (all energies calculated relative to their corresponding equilibrium values, as in the earlier tables) for the three cuts of the water potential energy surface: (i) the dissociation of a single O-H bond, (ii) the C 2v -symmetric dissociation of both O-H bonds, and (iii) the C 2v dissociation into H 2 (X 1 Σ + g ) and O(2 p 4 1 D) (see Table 2 for the definitions of R and Y , the corresponding values of the H-O-H angle α, and the equilibrium values of R, Y , and α). All energy differences are in cm −1 ∼57,000 cm −1 (recall that Y e = 0.58641 Å), and are smaller than 100 cm −1 when Y does not exceed 1.1 Å (energies below ∼27,000 cm −1 ). The CCSD(TQ),b approach reduces these differences even further, showing a nice and systematic behavior of the single-reference CC theory in this case. Clearly, it is interesting to examine if the CR-CC approaches, which are primarily designed to improve the CC results when a system is fragmented into open-shell fragments, can maintain the high accuracies of the CCSD(T) and CCSD(TQ),b calculations and systematic improvements in the results when going from the triples to the quadruples levels of CC theory in the case of the minimum energy path that leads to the singlet, but non-closed-shell products.
One issue that we do not address in this study and that may affect the results of all CC and CR-CC calculations in the Y ≥ 2.0 Å region of cut (iii) (and, perhaps, the best CR-CC results in the R > 3R e region of cut (ii)) is the issue of the existence of the avoided crossings of ground and excited states of water at larger internuclear separations (see, e.g., Refs. [113, 114, 118, 119] and references therein). For example, it is possible that for the larger, but not the largest, values of Y of cut (ii), where the H-H bond is still somewhat stretched, other dissociation channels, such as H 2 (b 3 Σ + u ) + O(2 p 4 3 P), compete with the ground-state H 2 (X 1 Σ + g ) + O(2 p 4 1 D) channel and that the CCSD solutions that we found, for example, at Y = 4.0 Å, are not necessarily the solutions that correlate with the lowest-energy state of water of the 1 A 1 symmetry. This would explain a steep increase in the errors of the CCSD(T), CCSD(TQ),b, and all, otherwise very accurate, CR-CC calculations in the Y ≥ 2.0 Å region of cut (iii), from ∼200-400 cm −1 at Y = 1.75 Å to ∼1,800-2,100 cm −1 at Y = 4.0 Å. We tried to find other CCSD solutions in the Y ≥ 2.0 Å region, but we have not been successful. Thus, it may be necessary to calculate other electronic states in the Y ≥ 2.0 Å region, which one can try to do using, for example, the excited-states CR-CC methods, such as CR-EOMCCSD(T) [87, 88] , and the excited-state variant of CR-CC(2,3) tested in Refs. [14, 44] , in which the properly renormalized triples corrections are added to the energies obtained in the equation-of-motion (EOM) CCSD calculations. It is not unusual to observe the switching between the ground and low-lying excited states of the same symmetry in CC/EOMCC calculations in the vicinity of avoided crossings [130] . The state-switching of this type would explain the larger errors in the Y ≥ 2.0 Å region observed in our CC calculations. We will examine this issue in the future.
Much of the above discussion points to the importance of properly balancing various correlation effects and the need to account for the triple as well as quadruple excitations in the high quality calculations of molecular potential energy surfaces. The properly constructed theory should provide an accurate description of triply, quadruply, and, if need be, other higher-order clusters, without the fortuitous cancellation of errors that the CCSD(T) approach displays. Clearly, the good theory should also eliminate the significant failures of the CCSD(T), CCSD(TQ),b, and other similar methods at larger internuclear separations or at least be more robust in this regard. In the case of the water potential examined in this work, these failures are dramatic. As shown in Tables 3  to 8 (particularly, Tables 6 to 8 ), the unsigned errors in the CCSD(T)/X = 2 − 4 energies, relative to the corresponding MRCI(Q)/X = 2 − 4 data, range between 619 and 5,779 cm −1 , when the R = 2.5R e − 5R e region of cut (i) is examined, and 6,258 and 39,412 cm −1 , when the R = 2.5R e − 5R e region of cut (ii) is explored, and the CCSD(T) energies go considerably below the MRCI(Q) energies. The CCSD(TQ),b approach does not improve the situation at all, producing the 811-5,679 cm −1 unsigned errors, relative to MRCI(Q), in the R = 2.5R e − 5R e region of cut (i) and the 635-62,544 cm −1 unsigned errors, relative to the corresponding MRCI(Q) data, in the R = 2.5R e −5R e region of cut (ii).
Unlike CCSD(T), the CCSD(TQ),b energies are significantly above the corresponding MRCI(Q) energies at larger O-H separations of cut (ii), while being below the MRCI(Q) energies for cut (i). All of this demonstrates the divergent behavior of the standard single-reference CC methods, caused by the large non-dynamic correlation effects (which manifest themselves through large doubly excited cluster amplitudes, as described above), the poor description of the wave function by the CCSD approach, on which the CCSD(T) and CCSD(TQ),b methods rely, and the strongly divergent nature of the many-body perturbation theory (MBPT) series, on which the standard (T) and (TQ) energy corrections are based, in the regions of larger internuclear separations.
As shown in Tables 6 to 8 , the CR-CCSD(T) method provides considerable improvements in the CCSD(T) results for the single-bond breaking defining cut (i), reducing, for example, the 4,385-4,785 cm −1 and 5,211-5,779 cm −1 errors in the CCSD(T)/X = 2 − 4 energies at R = 4R e and 5R e , relative to the corresponding MRCI(Q)/X = 2 − 4 data, to 1,250-1,818 cm −1 and 1,137-1,699 cm −1 , respectively. The CR-CCSD(TQ),a and CR-CCSD(TQ),b methods provide further improvements and a nice and smooth description of the entire cut (i), with an exception, perhaps, of the last point at R = 5R e , where a small error reduction compared to R = 4R e may be a signature of the eventual problems somewhere in the R 5R e region, although we are not sure about it at this time. For example, the differences between the CR-CCSD(TQ),b/X = 4 and MRCI(Q)/X = 4 energies smoothly increase with R, from 18 and 58 cm −1 at R = 1.25R e and 1.5R e , respectively (energies on the order of 7,400 and 18,900 cm −1 ), to 432 cm −1 at R = 2R e , and 1,431 cm −1 at R = 4R e , where the energy is almost 44,000 cm −1 . The situation for the more challenging cut (ii), where both O-H bonds are broken, is, at least to some extent, similar to that observed in the case of cut (i), with the CR-CCSD(TQ),a and CR-CCSD(TQ),b methods eliminating the pathological behavior of CCSD(T) and CCSD(TQ),b at larger stretches of both O-H bonds. Again, we observe a smooth increase of the differences between the CR-CCSD(TQ),a or CR-CCSD(TQ),b and MRCI(Q) energies with R, from 44 (50) and 191 (202) cm −1 at R = 1.25R e and 1.5R e , where energies are on the order of ∼14,000 and 36,000 cm −1 , respectively, through 1,329 (1,323) cm −1 at R = 2R e , where the energy exceeds 67,000 cm −1 , and 9,978 (10,566) cm −1 at R = 5R e , where the energies exceed 81,000 cm −1 , when the CR-CCSD(TQ),a/X = 4 (CR-CCSD(TQ),b/X = 4) results are examined. We do not claim that these are superb results, but it is quite encouraging to see that the CR-CC methodology is capable of providing significant improvements over the standard CC results, even when the double dissociation of water is examined. There is, of course, a difference between the behavior of the CR-CCSD(T) method in the case of the double O-H dissociation defining cut (ii) and the single-bond breaking defining cut (i). The CR-CCSD(T) approach provides a reasonably smooth description of cut (i), while failing in the case of cut (ii). This is a consequence of ignoring the quadruply excited clusters in the CR-CCSD(T) calculations, which are absolutely critical in cases of double bond breaking (while improving accuracies in the calculations for single-bond breaking). It is interesting to observe, though, the substantial improvements in the poor CCSD(T) results in the R = 2.5R e − 5R e region of cut (ii) by the CR-CCSD(T) approach (error reduction in the X = 4 calculations at R = 5R e , relative to the corresponding MRCI(Q)/X = 4 result, from more than 39,000 cm −1 in the CCSD(T) case to ≈ 3,000 cm −1 in the CR-CCSD(T) case). It is also interesting to observe that the CR-CCSD(T), CR-CCSD(TQ),a, and CR-CCSD(TQ),b approaches provide a relatively accurate and smooth description of the "easier" cut (iii) as well. In this case, as pointed out above, the conventional CCSD(T) and CCSD(TQ),b approximations work quite well, but it is good to see that the CR-CCSD(T) and CR-CCSD(TQ),x (x = a, b) methods are, more or less, equally effective, with the CR-CCSD(TQ),x approaches providing systematic improvements over the relatively good CR-CCSD(T) results. The ∼90-530 cm −1 differences between the CR-CCSD(T) and MRCI(Q) energies and the slightly smaller ∼50-440 cm −1 differences between the CR-CCSD(TQ),x and MRCI(Q) energies in the entire Y = 0.8 − 1.75 Å region, where energies grow from about 5,000 to more than 57,000 cm −1 above the global minimum, is clearly an encouraging result, confirming the usefulness of the CR-CC methods.
The CR-CCSD(T) and CR-CCSD(TQ),x (x = a, b) methods provide substantial improvements in the regions of larger internuclear separations, where the standard CCSD(T) and CCSD(TQ),b approaches fail, but it would be useful to achieve further error reduction in the CR-CC calculations, particularly in the cases of cuts (i) and (ii), which are more challenging for the single-reference CC methods than cut (iii). It would also be useful to improve the results of CR-CC calculations in the vicinity of the equilibrium region, where the CCSD(T) and CCSD(TQ),b methods are somewhat more accurate than the CR-CCSD(T) and CR-CCSD(TQ),x (x = a, b) approaches. As explained in Refs. [41, 42] , the recently proposed CR-CC(2,3) theory not only eliminates the small size extensivity errors from the CR-CCSD(T) results (which in the case of water are negligible, since water molecule is a small, 10-electron system), but it also improves the accuracy of CR-CCSD(T) calculations by adding various product terms involving the singly and doubly excited clusters and the triply excited moments of the CCSD equations to the bare triexcited moment terms that are already present in the CR-CCSD(T) triples correction formula [131] . It is, therefore, interesting to examine the performance of the CR-CC(2,3) approach using the three cuts of the water potential examined in this work. Since we have already noticed the importance of quadruply excited clusters in improving the results, particularly for the double O-H dissociation defining cut (ii), it is also useful to investigate if correcting the CR-CC(2,3) results for quadruples through the CR-CC(2,3)+Q(a) and CR-CC(2,3)+Q(b) methods described in the Introduction gives the desired high accuracies for a wide range of nuclear geometries of the water system explored in this work. Following the discussion of the CR-CC(2,3) theory in Refs.
[41, 42, 44] , we consider two variants of CR-CC(2,3) in this study, namely, the complete variant D, for which we continue to use an acronym CR-CC(2,3) without additional letters, and the approximate variant A, called CR-CC (2,3) ,A, which is obtained by replacing the diagonal matrix elements of the similarity-transformed Hamiltonian of CCSD involving triply excited determinants, which enter the triples correction of CR-CC (2, 3) , by the usual MBPT denominator defining triple excitations, i.e., ( a + b + c − i − j − k ). The CR-CC(2,3),A approach is equivalent to the CCSD(2) T method of Ref. [38] .
As shown in Tables 3 to 8 We can conclude that the full CR-CC(2,3) approach, with the complete treatment the diagonal matrix elements of the similarity-transformed Hamiltonian of CCSD involving triply excited determinants, provides the overall best results when compared to all other non-iterative triples methods examined in this work. It is true that the CR-CC(2,3) approach fails in the R > 2R e region of cut (ii) and it is also true that the CR-CC(2,3) energies for smaller stretches of the O-H bond(s) appear to be somewhat less accurate than the corresponding CCSD(T) energies. We must remember, however, that one needs quadruply excited clusters in the R > 2R e region of cut (ii), while the perfect agreement between the CCSD(T) and MRCI(Q) data at smaller stretches of the O-H bond(s) is not necessarily a desired behavior. Indeed, the explicit inclusion of quadruples in CC calculations, which can be done in the region of smaller stretches of the O-H bond(s) via the CCSD(TQ),b approach, makes the agreement between the CC and MRCI(Q) data less perfect, as already explained above. These observations agree with the performance of the CR-CC(2,3) approach in a variety of benchmark calculations reported in Refs. [41, 42, 44] , where it has been noted that the CR-CC(2,3) energies are very close to the full CCSDT energies, not only when CCSDT works, but also when it fails, as is the case of multiple bond dissociations. In particular, as shown in Refs. [41, 44] , the full CCSDT approach completely fails in the R > 2R e region of the double dissociation of water, analogous to our cut (ii). Thus, the failure of CR-CC (2, 3) in the same region is a desired result, since one cannot break both O-H bonds in the water molecule without quadruply excited clusters, and the approximate triples methods, such as CR-CC(2,3), should not be better in this regard than full CCSDT.
In view of the above discussion, it is very important to examine what happens with the CR-CC(2,3) energies if we augment them by quadruples, as is done in the CR-CC(2,3)+Q(a) and CR-CC(2,3)+Q(b) calculations. As shown in Tables 3 to  9 , the overall agreement between the CR-CC(2,3)+Q(x) (x = a, b) and MRCI(Q) data is quite remarkable. For example, in the case of cut (i), corresponding to the dissociation of a single O-H bond, the 39-351 cm −1 unsigned differences between the CR-CC(2,3)/X = 4 and MRCI(Q)/X = 4 energies in the R = R e − 2R e region, in which these energies increase to more than 35,000 cm −1 , reduce to 2-86 cm −1 when the CR-CC(2,3)+Q(b)/X = 4 approach is employed. The CR-CC(2,3)+Q(a)/X = 4 method provides similar results, although the somewhat more complete (cf. Table 1 The 79-709 cm −1 differences between the CR-CC(2,3)/ X = 4 and MRCI(Q)/X = 4 energies in the R = R e − 2R e region of cut (ii), where both O-H bonds are simultaneously stretched and where the energy goes up to more than 67,000 cm −1 , reduce (in absolute value) to 24-121 cm −1 , when the CR-CC(2,3)+Q(a)/X = 4 method is employed, and 13-115 cm −1 , when the CR-CC(2,3)+Q(b)/X = 4 approach is used. The CR-CC(2,3)+Q(b) approach remains quite accurate up to R = 3R e , where the energy is already larger than 80,000 cm −1 . The difference between the CR-CC(2,3)+Q(b)/X = 4 and MRCI(Q)/X = 4 energies is only slightly larger than 500 cm −1 in the R = 3R e region. The CR-CC(2,3)+Q(a) approximation shows the signs of unstable behavior in the R > 2R e region, with the signed errors relative to MRCI(Q) changing from more than +2,000 cm −1 to ∼(-3,000)-(-2,000) cm −1 , which is partly due to the fact that we use the first-order MBPT estimates of doubly excited cluster amplitudes in defining the (Q) corrections of CR-CC(2,3)+Q(a) (or CR-CCSD(TQ),a [11] [12] [13] 20] ) and partly due to the heuristic nature of the CR-CC(2,3)+Q approaches, which should eventually be replaced by the more consistent CR-CC(2,4) theory. The somewhat ad hoc nature of the CR-CC(2,3)+Q approximations may also be responsible, at least in part, for the ∼ 3,000 cm −1 differences between the CR-CC(2,3)+Q(b) and MRCI(Q) energies in the R = 4R e − 5R e region of cut (ii). Again, the accuracy patterns observed in the CR-CC(2,3)+Q(a) and CR-CC(2,3)+Q(b) calculations for cut (ii), when compared to MRCI(Q), are essentially independent of the aug-cc-pCVX Z basis set employed in these calculations. agree to within 500 cm −1 and, in most cases, to within 100 cm −1 or less is a clear demonstration of the large potential offered by the CR-CC theories. The CR-CC(2,3) and CR-CC(2,3)+Q(b) methods seem to be at least as effective as the CCSD(T) and CCSD(TQ),b methods in the vicinity of the equilibrium geometry, where the many-electron correlation effects are primarily of dynamical nature, while providing the accuracy comparable to the MRCI(Q) approach in the higher-energy potential energy surface regions characterized by large non-dynamical correlation effects. In the case of the water molecule, we seem to be able to obtain the relatively small differences between the results of the CR-CC(2,3)+Q(b) and MRCI(Q) calculations, on the order of 100-500 cm −1 or less, for the energies as large as 60,000-70,000 cm −1 above the global minimum. This is an encouraging finding, considering the single-reference character and the relatively low cost of all CR-CC calculations (cf. Table 1 ). This is also very promising from the point of view of applying the CR-CC methods in calculations aimed at the construction of accurate global potential functions for dynamical studies. The proximity of the CR-CC(2,3)+Q(b) and MRCI(Q) results for the large portion of the global potential energy surface of water and the fact that the CR-CC(2,3)+Q(b) approach remains as accurate as the CCSD(TQ),b method in the vicinity of the equilibrium geometry open up new avenues for constructing highly accurate global potentials, since switching between the CR-CC(2,3)+Q(b) and MRCI(Q) energies, which are so similar, should be quite straightforward. In the future, we will replace the somewhat heuristic CR-CC(2,3)+Q approximations tested in this work by the properly derived CR-CC(2,4) theory, exploiting the general formalism described in Refs. [41, 42] . The excellent CR-CC(2,3)+Q results for water obtained in this work prompt such a development.
Let us, finally, address the issue of the rather substantial differences between the MRCI(Q)/X = 4 or MRCI(Q)/X = 5 and ES potential energy surfaces in the regions of the intermediate R and Y values, and intermediate or higher, but not the highest energies, which are as much as 700-800 cm −1 for cut (i) in the R ≈ 2.5R e region, 600-800 cm −1 for cut (ii) in the R ≈ 1.75R e region, and 3,500-3,600 cm −1 for cut (iii) in the Y ≈ 1.3 Å region. Such differences cannot be explained by the neglect of the relativistic, non-adiabatic, and quantum electrodynamical effects in MRCI(Q) calculations. They indicate that either the MRCI(Q) approach employing large basis sets is insufficiently accurate or the ES potential needs further refinement in the above regions. Although both interpretations are possible, we tend to believe that the accuracy of the ES potential function in the regions of intermediate internuclear separations and energies, which connect the spectroscopic and asymptotic regions, is not as high as the accuracy of the ES surface around the minimum, up to about 19,000 cm −1 , and in the H(1s 2 S) + OH(X 2 Π), 2H(1s 2 S) + O(2 p 4 3 P), and H 2 (
asymptotic regions. We base our belief on the close proximity of the MRCI(Q) and CR-CC(2,3)+Q(b) energies in the regions of the intermediate R and Y values, where the MRCI(Q)/X = 4 or MRCI(Q)/X = 5 and ES potentials significantly differ. This is shown in Table 9 , where we compare the differences between the best CR-CC(2,3)+Q(b)/X = 4 energies and the corresponding MRCI(Q)/X = 4 data with the differences between the CR-CC(2,3)+Q(b)/X = 4 and ES energies, and the analogous differences between the MRCI(Q)/X = 4, 5 and ES energies. As one can see, the 700-800 cm −1 differences between the MRCI(Q)/X = 4, 5 and ES energies in the R ≈ 2.5R e region of cut (i) are very similar to the ∼ 1,000 cm −1 difference between the CR-CC ( 
Summary and concluding remarks
In this paper, we have explored an issue of the development of single-reference procedures that could be applied to at least some of the most frequent multi-reference situations, such as single and double bond dissociations, by reporting test calculations for the potential energy surface of the water molecule. We have focused on a few basic renormalized CC methods, including the older CR-CCSD(T), CR-CCSD(TQ),a, and CR-CCSD(TQ),b approximations [10-13, 20,29,30] , and the most recent size extensive CR-CC(2,3),A (or CCSD(T) T [38] ) and full CR-CC(2,3) approaches that belong to a more general class of CR-CC(m A , m B ) schemes [41, 42, 44, 131] . In the CR-CCSD(T), CR-CC(2,3),A, and CR-CC(2,3) methods, the relatively inexpensive corrections due to triply excited clusters, similar in the computer cost to the triples corrections of the conventional CCSD(T) theory, are added to the CCSD energy. In the CR-CCSD(TQ),a and CR-CCSD(TQ),b approaches, the CCSD energy is correc-ted for the dominant effects of triply and quadruply excited clusters in a manner reminiscent of the conventional CCSD(TQ) approximations, such as CCSD(TQ),b [20, 32] or CCSD(TQ f ) [19] . Since the CR-CC(2,4) approach has not been fully developed and implemented yet, we have considered two approximate forms of the CR-CC(2,4) theory, abbreviated as CR-CC(2,3)+Q(a) and CR-CC(2,3)+Q(b), in which the CR-CC(2,3) energies are a posteriori corrected for the effect of quadruply excited clusters by using the information about quadruples extracted from the CR-CCSD(TQ),a or CR-CCSD(TQ),b calculations. In order to examine the performance and benefits of using the single-reference renormalized CC methods, we have compared the results of the CR-CCSD(T), CR-CCSD(TQ),a, CR-CCSD(TQ),b, CR-CC(2,3),A, CR-CC(2,3), CR-CC(2,3) +Q(a), and CR-CC(2,3)+Q(b) calculations for the three important cuts of the potential energy surface of the water molecule, including the dissociation of one O-H bond, which correlates with the H(1s 2 S) + OH(X 2 Π) asymptote, the simultaneous dissociation of both O-H bonds, which leads to the 2H(1s 2 S) + O(2 p 4 3 P) products, and the C 2v -symmetric dissociation pathway into H 2 (X 1 Σ + g ) and O (2 p 4 1 D) , with those obtained in the highly accurate MRCI(Q) calculations and those provided by the spectroscopically accurate ES potential function [102] . We have demonstrated that all renormalized CC methods eliminate or considerably reduce the failures of the conventional CCSD(T) and CCSD(TQ),b approaches in the bond breaking regions of the water potential, while retaining high accuracies of the CCSD(T) and CCSD(TQ),b methods in the vicinity of the equilibrium geometry. The full CR-CC(2,3) and CR-CC(2,3)+Q(b) methods are particularly effective in this regard. Unlike CCSD(T), the CR-CC(2,3) approach provides a faithful description of triply excited clusters [41, 42, 44] , even in the equilibrium region, where the CCSD(T) approach works well. After correcting the CR-CC(2,3) results for quadruples, as is done in the CR-CC(2,3)+Q(x) (x = a, b) schemes, we obtain the potential energy surfaces of excellent quality, particularly in the CR-CC(2,3)+Q(b) case. Indeed, as shown in this work, the single-reference, RHF-based, CR-CC(2,3)+Q(b) approach describes the above three cuts of the global potential energy surface of water with accuracies that can only be matched by the high accuracy, CASSCF-based, MRCI(Q) calculations. We find the small differences between the CR-CC(2,3)+Q(b) and MRCI(Q) energies, on the order of 100-500 cm −1 or less, for energies as large 60,000-70,000 cm −1 , where the highest possible energies corresponding to the complete atomization of water are on the order of 80,000 cm −1 and where the existing spectroscopically accurate potentials, such as the ES function, can guarantee very high accuracies up to about 19,000 cm −1 , to be the most remarkable finding. At the same time, the CR-CC(2,3)+Q(b) approach, which is based on the excellent description of the triply excited cluster contributions by the size extensive CR-CC(2,3) approximation, corrected for the effects of quadruply excited clusters, provides a balanced description of triples and quadruples in the bond breaking and equilibrium regions. In the equilibrium region, the accuracy of the CR-CC(2,3)+Q(x) (x = a, b) methods is essentially the same as the accuracy of the CCSD(TQ),b approach, which describes the combined effect of triply and quadruply excited clusters in non-degenerate situations extremely well. Thus, the CR-CC(2,3) method corrected for quadruples enables us to bridge the closed-shell and bond breaking regions of the global potential energy surface of water, while preserving the high accuracy of the CCSD ( 
